High-performance $n$-type organic field-effect transistors with ionic
  liquid gates by Ono, S. et al.
ar
X
iv
:1
01
0.
07
69
v1
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 5 
Oc
t 2
01
0
High-performance n-type organic field-effect transistors with ionic
liquid gates
S. Ono,1, 2, ∗ N. Minder,1 Z. Chen,3 A. Facchetti,3 and A. F. Morpurgo1, †
1DPMC and GAP, University of Geneva,
24 quai Ernest-Ansermet CH1211 Geneva, Switzerland
2Central Research Institute of Electric Power Industry, Komae, Tokyo 201-8511, Japan
3Polyera Corporation, 8025 Lamon Avenue, Skokie, Illinois 60077
(Dated: November 12, 2018)
Abstract
High-performance n-type organic field-effect transistors were developed with ionic-liquid gates
and N,N”-bis(n-alkyl)-(1,7 and 1,6)-dicyanoperylene-3,4:9,10-bis(dicarboximide)s single-crystals.
Transport measurements show that these devices reproducibly operate in ambient atmosphere
with negligible gate threshold voltage and mobility values as high as 5.0 cm2/Vs. These mobility
values are essentially identical to those measured in the same devices without the ionic liquid, using
vacuum or air as the gate dielectric. Our results indicate that the ionic-liquid and n-type organic
semiconductor interfaces are suitable to realize high-quality n-type organic transistors operating
at small gate voltage, without sacrificing electron mobility.
PACS numbers:
Organic field-effect transistors (OFETs) have attracted considerable attention because
of their potential for applications in large-area, flexible, low-cost electronics.1 One of the
major challenges for organic electronics is the realization of complementary circuits, where
the simultaneous use of high-performance n- and p-type OFETs is essential. However,
compared to p-type OFETs, n-type OFETs generally suffer from low carrier mobility and
large positive threshold voltage, both of which pose serious problems for their practical use.
The far-from-ideal performance of several n-type OFETs is due, in large part, to atmospheric
oxidants such as O2 and H2O, and to chemical groups present at the organic-gate dielectric
interface (e.g., hydroxyl groups in the case of the commonly used SiO2 dielectrics) which act
as electron traps thereby degrading transport properties.2 Because interfacial phenomena
crucially determine the device performance,3,4 several combinations of gate dielectrics and
organic semiconductors are being intensively tested5–7 with the goal of optimizing n- and
p-type conduction, as it is needed to achieve higher-performance complementary organic
circuits.
Besides conventional solid-state dielectrics, an alternative method to accumulate carriers
at the surface of organic semiconductors exploits the use of electric double layers (EDLs)
at the interface with electrolytes. The advantage of electrolyte gating using EDL is that
much higher carrier concentrations are accumulated by applying only low gate-bias voltages,
because EDLs have a very large electrostatic capacitance owing to their small physical
thickness (typically ∼ 1 nm). Indeed, for p-type transistors, the successful operation of
high-quality OFETs based on EDL gating has been recently reported by several groups.8–14
Among all investigated EDL-OFETs, room temperature ionic liquids (ILs) are particularly
promising,15–18 as they have shown to enable a very fast response (compared to other types
of electrolytes) to changes in the gate voltage. For p-type transistors (based on rubrene) it
was also recently found that the surface of organic semiconductors is not damaged by the
ILs, and mobility values up to 9.5 cm2/Vs can be achieved by selecting the proper IL.17 For
n-type OFETs with EDL gating, however, virtually nothing is known at this stage.
In this paper our goal is to improve the performance of n-type OFETs and, by utilizing
an EDL gating with ILs, we show that it is possible to reproducibly obtain high-quality
devices exhibiting high mobility and ideal characteristics in air and operating at few volts.
To this end, we have fabricated N,N”-bis(n-alkyl)-(1,7 and 1,6)-dicyanoperylene-3,4:9,10-
bis(dicarboximide)s (PDIF-CN2) single-crystal transistors with IL, using the same methods
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used for p-type rubrene single crystals.16,17 As organic material we have selected PDIF-
CN2,
19,20 which exhibits the highest electron mobility reported to date(1-6 cm2/Vs).21 We
show that the electron mobility of PDIF-CN2 single-crystal transistors with IL (as high as
5.0 cm2/Vs in air) is comparable to the corresponding devices without IL, thus having air
as gate dielectric. Our results demonstrate that even for electron-conducting materials, the
use of ILs does not decrease the properties of the organic semiconductor, and that they
are beneficial to improve several aspects of the device characteristics. We conclude that
IL gating is a very promising approach enabling high-performance organic complementary
circuits.
Figure 1 shows the device structure employed in this study (based on an elastomer
stamps with a recessed gate -see Ref. [22] for details), as well as the IL used (N-methyl-N-
propyl pyrrolidinium bis(trifluoromethanesulfonyl) imide ([P13][TFSI])), and its frequency-
dependent capacitance. For rubrene OFETs it has been demonstrated that the charge carrier
mobility is larger when the capacitance of the IL is smaller.17 We have therefore selected
[P13][TFSI] for our investigations, since this compound has the smallest capacitance among
all ILs which we have worked with. Note that this compound is also expected to absorb less
water as compared to others ILs, because of the strong hydrophobicity of the fluorotermi-
nated anion, which makes it particularly favorable for investigating n−type OFETs. The
frequency-dependent capacitance of the EDL (CEDL) of [P13][TFSI] was measured on a test
device consisting of polydimethylsiloxane (PDMS) substrates, similar to those used for the
realization of the actual transistors, using Solartron 1260 and 1296 impedance analyzers
(from 0.1 Hz to 10 MHz with a 5 mV AC voltage). Notably (see Fig. 1(c)), the value of the
capacitance does not significantly decrease with increasing frequency, and it remains close to
1 µF/cm2 even at 0.1 MHz. This implies that [P13][TFSI] enables the rapid accumulation
of high-density carriers at the IL/semiconductor interfaces, which is particularly important
for practical applications (i.e., the use of [P13][TFSI] does not limit the switching speed of
the devices).
In our devices, the PDIF-CN2 single crystals (grown by physical vapor transport) are
laminated manually onto a PDMS stamp as shown in Fig. 1(a). The gate, source, and
drain electrodes consist of Ti/Au films; the distance between the crystal and the recessed
gate is intentionally kept large (25 µm), to facilitate the insertion of the IL in the region
between the gate and the crystal (when a small droplet is positioned near the device, the IL
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is ”sucked in” spontaneously by capillary forces). An optical microscope image of one of our
single crystal devices is shown in Fig. 1(b). An important advantage of this device structure
is that we can measure the device characteristics before inserting the IL, which enables the
direct comparison of the properties of the same transistor with air as gate dielectric, and
with the EDL gate.
All the measurements were performed in air at room temperature, with an Agilent Tech-
nology E5270B semiconductor parameter analyzer. Before introducing the IL, the devices
are characterized by measuring transfer and output characteristics (insets of Fig. 2(a),(c)).
The PDIF-CN2 single crystal devices show rather small –recall that the distance between
gate and crystal is 25 µm – threshold voltages of ∼ 20 V, unlike most other air-stable
n-type organic transistors. The transfer characteristics show small hysteresis (inset Fig.
2(a)) whereas the hysteresis of the output characteristics is larger (inset of Fig. 2(c)). We
measured approximately 15 devices and found that the mobility values µair with air as gate
dielectric are in the range of 1.5 - 5.5 cm2/Vs (these values are extracted from measurements
performed in a four-terminal configuration to eliminate possible contact effects). These val-
ues are comparable to the best electron mobilities reported for PDIF-CN2 single-crystal
transistors.21
Figure 2(a) shows the transfer characteristics of PDIF-CN2 single crystal OFETs after
the IL [P13][TFSI] has been inserted between the gate and the crystal. The simultaneously
measured gate leakage current IG through the electrolytes is negligibly small as compared
to the drain current ID, that is less than 0.15 nA as long as |VG| is less than 0.5 V (see
Fig. 2(b)). It is apparent that the threshold voltage is drastically reduced to only 0.1 V.
Gate voltages as low as 0.5 V are sufficient to obtain a large channel conductance. This
observation directly demonstrates the ability to operate PDIF-CN2 transistors with IL gates
at very low voltages. From the transfer characteristics we estimate the normalized sheet
transconductance σT in the linear region, which directly determines the current amplification
in OFETs.18 The obtained σT reaches values as high as 6.1 µS at VD= 0.1 V, two orders of
magnitude larger than the best n-type OFETs so far18 and comparable to the best value of
p-type OFETs with IL gates.16 The output characteristics of the PDIF-CN2 single crystal
OFETs with [P13][TFSI] are shown in Fig. 2(c). With increasing drain voltage VD, the
drain current ID first shows a linear increase, followed by a fairly good saturation behavior
by applying less than 0.5 V for both VG and VD. Noticeably, negligible hysteresis is observed
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PDIF-CN2 single crystal OFETs with [P13][TFSI], even though in air-gap devices hysteresis
in the same measurements is present. This indicates that ILs function does not only induce
high-density carriers at the surface of the crystal, but also helps to eliminate aspects of
device non-ideality.
Figure 3 shows the typical transfer characteristics of PDIF-CN2 single crystal OFETs with
[P13][TFSI] gates obtained in a four-terminal configuration. The conductivity measured for
different values of VD lay on top of each other, indicating that the channel conductance is
independent of source-drain voltage, as expected. The electron mobility µIL in IL devices (see
Fig. 3 inset) is calculated from the conductivity measured in a four-terminal configuration,
by employing the standard formula valid in the linear regime, and using the measured
capacitance value (see Fig. 1(c)). The mobility increases with increasing VG and saturates
above VG = 0.4 V, which we adopt as the value of µIL. In different devices, the values
of µIL are in the range of 1.0 - 5.0 cm
2/Vs, which are the highest ever reported for EDL-
gated n-type OFETs. Figure 4 shows a comparison of µIL with µair. Remarkably in 9 out
of 15 devices the same mobility is observed with IL gates, and when using air as a gate
dielectric (in the remaining samples the mobility with ionic liquid is slightly smaller than,
but comparable to, that measured with air as gate dielectric). Importantly, this observation
indicates that the surface of the PDIF-CN2 single crystals is not affected by the contact
with the IL: it follows that by choosing the proper ILs, we can benefit from the intrinsic
semiconductor properties while operating the devices at much lower voltages.
In conclusion, we have fabricated n-type single-crystals OFETs with ionic liquid gates.
By choosing the most suitable ionic liquid, we have shown that these devices can combine
top performance in terms of mobility values (up to 5 cm2/Vs), threshold voltage (< 0.1
V), and ideality of the electrical characteristics, with the possibility of very low-voltage
operation. These results are particularly relevant for implementation of n-type OFETs
into complementary logic architectures for realizing integrated circuits based on organic
transistors.
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FIG. 1: (color online) (a) Schematic structure of the ionic liquid gated devices. (b) Optical
microscope image of a PDIF-CN2 crystal/[P13][TFSI] transistor. (c) Frequency dependence of
the capacitance of [P13][TFSI] EDL, measured by the ac impedance technique. (Inset) Chemical
structures of [P13][TFSI].
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FIG. 2: (color online) (a) Transfer characteristics and (b) gate leakage current IG of a PDIF-
CN2/[P13][TFSI] single-crystal OFET measured with VD = 0.1, 0.2, 0.3, 0.4, 0.5 V. (c) Output
characteristics of the same device measured with VG = 0, 0.1, 0.2, 0.3, 0.4, 0.5 V. The insets in (a)
and (c) show measurements on the same device before inserting the IL (in (a): VD = 5, 10, 15, 20,
25 V; in (c) VG = 0, 10, 20, 30, 40, 50 V).
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FIG. 3: (color online) Gate-voltage dependence conductivity of a [P13][TFSI]/PDIF-CN2 single
crystal OFETs measured in a four-terminal configuration with different drain voltages (VD = 0.1
(red), 0.2 (Green), 0.3 V (Blue)). The corresponding carrier mobility as a function of gate voltage
is shown in inset.
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FIG. 4: (color online) Comparison of the mobility of [P13][TFSI]/PDIF-CN2 single crystal OFETs
with that obtained from the same devices before inserting the IL.
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